A relationship between blue and near‐IR global spectral reflectance and the response of global average reflectance to change in cloud cover observed from EPIC by Wen, Guoyong et al.
Boston University
OpenBU http://open.bu.edu
Earth & Environment BU Open Access Articles
2019-08
A relationship between blue and
near‐IR global spectral reflectance
and the response of global aver...
This work was made openly accessible by BU Faculty. Please share how this access benefits you.
Your story matters.
Version Accepted manuscript
Citation (published version): Guoyong Wen, Alexander Marshak, Wanjuan Song, Yuri Knyazikhin,
Matti Mõttus, Dong Wu. 2019. "A Relationship Between Blue and
Near‐IR Global Spectral Reflectance and the Response of Global
Average Reflectance to Change in Cloud Cover Observed From EPIC."
Earth and Space Science, Volume 6, Issue 8, pp. 1416 - 1429.
https://doi.org/10.1029/2019ea000664
https://hdl.handle.net/2144/40773
Boston University
 1 
A Relationship between Blue and Near-IR Global Spectral Reflectance and the 1 
Response of Global Average Reflectance to Change in Cloud Cover Observed 2 
from DSCOVR EPIC 3 
GUOYONG WEN1,2, ALEXANDER MARSHAK1, WANJUAN SONG3,4, YURI KNYAZIKHIN3, MATTI 4 
MÕTTUS5, AND DONG WU1 5 
For submission to Earth and Space Science 6 
 7 
Key Points: 8 
• Blue and NIR reflectance relationship from EPIC and clouds play an important role in 9 
determining such relationship  10 
• Quantification of the global reflectance response to a change in cloud coverage  11 
• The blue and NIR relationship can be useful for exoplanet research 12 
13 
                                               
1 NASA Goddard Space Flight Center, Greenbelt, Maryland. 
2 Goddard Earth Sciences Technology Research/Morgan State University 
3 Boston University, Boston, Massachusetts 
4 The State Key Laboratory of Remote Sensing, Jointly Sponsored by Institute of Remote Sensing and Digital Earth 
of Chinese Academy of Sciences and Beijing Normal University, China 
5 VTT Technical Research Centre of Finland, 02044 Espoo, Finland 
 
 
Corresponding author address: 
Guoyong Wen 
NASA/GSFC, Code 613 
Greenbelt, MD 20771 
Email: Guoyong.Wen@nasa.gov 
Phone: (301)614-6220
 
 
 
 2 
Authors -          14 
 15 
Dr. Guoyong Wen 
NASA/Goddard Space Flight Center & GESTAR/Morgan State University 
Code 613 
Greenbelt, MD 20771 
Guoyong.Wen@nasa.gov 
Phone: (301)614-6220 
Fax:     (301)614-6307 
 
Dr. Alexander Marshak 
NASA Goddard Space Flight Center 
Code 613 
Alexander.Marshak-1@nasa.gov 
(301)614-6122 
 
Dr. Wangjuan Song 
The State Key Laboratory of Remote Sensing, Jointly Sponsored by Institute of Remote Sensing 
and Digital Earth of Chinese Academy of Sciences and Beijing Normal University, China and 
Boston University 
Boston, MA 02215  
songwanjuan@126.com 
 
Prof. Yuri Knyazikhin 
Boston University 
Boston, MA 02215  
jknjazi@bu.edu 
(617)353-8843 
 
Dr. Matti Mõttus 
VTT Technical Research Centre of Finland 
02044 Espoo, Finland 
matti.mottus@gmail.com 
 
Dr. Dong Wu 
NASA Goddard Space Flight Center 
Code 613 
Dong.l.wu@nasa.gov 
(301)614-5784 
 
 
 
 3 
16 
ABSTRACT 17 
We performed a detailed analysis of Earth Polychromatic Imaging Camera (EPIC) spectral 18 
data. We found that the vector composed of blue and near-infrared (NIR) reflectance follows a 19 
counterclockwise closed-loop trajectory from 0 to 24 UTC as Earth rotates. This non-linear 20 
relationship was not observed by any other satellites due to limited spatial or temporal coverage 21 
of either low earth orbit (LEO) or geostationary (GEO) satellites. We found that clouds play an 22 
important role in determining the non-linear relationship in addition to the well-known cloud free 23 
land-ocean reflectance contrast in the two bands. The non-linear relationship is the result of three 24 
factors: (1) a much larger cloud free land-ocean contrast in the NIR band compared to the blue 25 
band; (2) significantly larger difference between cloudy-land and cloudy-ocean reflectance in the 26 
NIR band compared to the blue band; (3) the periodic variation of fractions of clear land, clear 27 
ocean, cloudy land, and cloudy ocean in the sunlit hemisphere as Earth rotates. We found that the 28 
green vegetation contributes significantly to the NIR global average reflectance when the South 29 
and North Americas appear and disappear in the EPIC’s field-of-view. The blue and NIR 30 
relationship can be useful for exoplanet research. Clouds impose a strong impact on global spectral 31 
reflectance and the reflectance response to a change in cloud cover depends on whether the change 32 
is over land or over the ocean. On average, an increase of 0.1 in cloud coverage will lead to a 7% 33 
increase in spectrally integrated global average reflectance. 34 
1.  INTRODUCTION 35 
Sunlight reaching Earth’s atmosphere and surface experiences scattering and absorption by 36 
atmospheric molecules, aerosols, clouds, and the ocean-land surfaces. In turn, the reflected 37 
sunlight is used to monitor the changes of atmospheric and surface properties of the Earth for 38 
 4 
understanding the changing planet.  39 
Earth observations from space have been conventionally based on low earth orbit (LEO) and 40 
geostationary (GEO) satellites. A common near-polar orbit LEO satellite flying about 700 km 41 
above the Earth has an orbit inclination angle close to 90° with a period of about 100 minutes, 42 
crossing the equator at the same local time: thus the spacecraft is referred to as a sun-synchronous 43 
satellite. Terra and Aqua LEO satellites cross the equator at approximately 10:30 AM and 1:30 44 
PM, respectively. The MODIS instrument on Terra and Aqua with a 2330 km cross track swath 45 
provides global coverage in 1-2 days. At an altitude of about 36,000 km above the Earth’s equator, 46 
the GEO satellites rotate in the same direction and angular velocity as the Earth rotates about its 47 
axis. At a much higher altitude than a LEO satellite, instruments on geostationary satellites can 48 
capture images covering latitudes from 80°S to 80°N of a fixed region of the Earth. Although the 49 
area of the Earth remains the same in the field-of-view (FOV) of a GEO satellite, the area of the 50 
sunlit portion of the Earth viewed by a GEO satellite changes with time. The sunlit area in a GEO 51 
satellite’s FOV is the largest at local noon of sub-satellite point and becomes smaller away from 52 
local noon time. 53 
On 11 February 2015, Deep Space Climate Observatory (DSCOVR) was launched to a 54 
Lissajous orbit around the Sun-Earth Lagrange-1 (L1) point, where the combined gravitational pull 55 
of the two large masses (Sun and Earth) provides the centripetal force required to orbit them. The 56 
DSCOVR orbit is approximately 1,500,000 km from Earth, with a six-month period and a 57 
spacecraft-Earth-Sun angle varying from 4.5 to 11.5 degrees (Fig. 1). The Earth Polychromatic 58 
Imaging Camera (EPIC) takes images of the entire sunlit side of Earth in 10 narrowband channels 59 
with wavelengths ranging from ultraviolet (UV), visible (VIS), to near-infrared (NIR) every one 60 
to two hours in summer and winter, respectively, providing a new perspective to the Earth 61 
observation system. 62 
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The paper by Song et al. (2018) has shown that both LEO and GEO satellites have sampling 63 
limitations to monitor the global reflectance in time and space. The EPIC UV channels are used to 64 
retrieve ozone amount (Herman et al., 2018a) and estimate SO2 amounts from volcanic eruptions 65 
(Carn et al., 2018). The near-UV at 340 nm and 388 nm, the VIS and the NIR channels allow us 66 
to derive aerosol and cloud properties in particular, while the oxygen A and B bands enable us to 67 
derive the altitude of cloud and dust plumes (e.g., Yang et al., 2013; Xu et al., 2017; Davis et al., 68 
2018). EPIC images were used to quantify the reduction of reflected sunlight during the 2017 solar 69 
eclipse in North America (Herman et al., 2018b). Marshak et al. (2017) found terrestrial glint over 70 
land seen from DSCOVR/EPIC and interpreted the observations of bright flashes as specular 71 
reflections off nearly horizontal-oriented tiny ice platelets floating in the air. Li et al. (2019) 72 
extended terrestrial glint analysis to over both ocean and land. They developed a technique to 73 
simulate different kinds of glints and to explore their properties. Yang et al. (2018) analyzed EPIC 74 
data to quantify the diurnal variations of global spectral reflectance and explained the diurnal 75 
variations with periodic changes in the land-ocean fraction of the sunlit side of the Earth. They 76 
also found a significant contribution of the polar regions (up to 6%) to the global spectral 77 
reflectance. Jiang et al. (2018) used EPIC observations to study the Earth as an exoplanet. They 78 
averaged the Earth-resolved images to a “single-point measurements” and used Fourier analysis 79 
to obtain information about Earth’s rotation, its orbit around the Sun, and possible periodic 80 
variations due to cloud patterns, surface type, and season. This technique could be applied to 81 
single-point light source for retrieving a range of intrinsic properties of a true exoplanet around a 82 
distant star. Su et al. (2018) converted EPIC narrowband radiance to broadband radiance for 83 
estimating shortwave fluxes.  84 
In this study, we performed a detailed analysis of the total Earth spectral reflectance from EPIC 85 
observations, focusing on 24-hour variations of blue and NIR global average reflectance. We 86 
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further estimated the response of spectral reflectance to a change of cloud fraction. The data sets 87 
used in this study are described in Section 2, the analysis methods are described in Section 3, the 88 
results are presented in Section 4, and the summary and discussion are presented in Section 5. 89 
2.  EPIC OBSERVATIONS 90 
EPIC is a spectroradiometer onboard the DSCOVR satellite. It provides 10 narrowband 91 
spectral images of the entire sunlit face of Earth using a 2024 x 2048 pixel CCD (Charge Couple 92 
Device) detector. As the satellite orbiting around the L1 point, EPIC observes reflected solar 93 
radiation of the Earth at nearly backscatter directions with scattering angles ranging from 168.5° 94 
to 175.5°, or the Sun-Earth view (SEV) angle from 4.5° to 11.5° as shown in Fig. 1. The distance 95 
between the DSCOVR satellite and the Earth changes with time as a result of the nonrepeating 96 
Lissajous orbit. The rate of changing of the distance is about 2000-2500 km day-1, about 0.15% of 97 
its nominal distance of 1.5 x 106 km. 98 
 99 
Figure 1. Variations of the Sun-Earth view (SEV) angle (red in the left vertical axis) and the Earth-DSCOVR distance 100 
(blue in the right vertical axis). 101 
 102 
EPIC’s 10 narrowband channels cover the spectral range from UV to NIR: there are four UV 103 
channels at 317, 325, 340 and 388 nm; three visible non-absorbing channels at 443 nm (blue), 551 104 
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nm (green), and 680 nm (red); two oxygen-absorbing channels at 688 nm (B-band) and 764 nm 105 
(A-band); and one NIR channel at 780 nm. The three ozone-absorbing channels (317, 325, 340 106 
nm) are used for ozone, SO2, and aerosol retrievals, and the near UV channel (388 nm), three 107 
visible channels, and one NIR channels are used for aerosol and cloud study (Marshak et al., 2018). 108 
Two oxygen-absorbing bands are used to determine cloud and aerosol height. The red (680 nm) 109 
and NIR (780 nm) channels are also used for obtaining leaf area index (LAI) and sunlit leaf area 110 
index (SLAI) as well as the normalized difference vegetation index (NDVI) (Yang et a., 2017). In 111 
particular, the red channel in oxygen-B band (688 nm) paired with the NIR can enhance NDVI for 112 
monitoring vegetation (Marshak and Knyazikhin, 2017). All EPIC standard products are publicly 113 
available from the NASA Langley Atmospheric Science Data Center 114 
(https://eosweb.larc.nasa.gov/project/dscovr/dscovr_table). 115 
EPIC takes images of the entire sunlit part of the Earth every 65 minutes (in northern 116 
hemisphere summer) to 111 minutes (in northern hemisphere winter) for all 10 channels making 117 
daily observations. The sampling resolution of the original 2048 × 2048 pixel EPIC images is 118 
about 8 × 8 km2 at nadir or near the center of the image, about 12 × 12 km2 of optical resolution 119 
for visible wavelength. The pixel size on the ground increases with viewing angle. The pixel size 120 
doubles at viewing angle of 60°. To reduce the amount of data transmitted from DSCOVR without 121 
reducing the time resolution, all EPIC images, except 433 nm, have been reduced to 1024 × 1024 122 
pixels by averaging values of 2 × 2 pixels, yielding downloaded images with nominal optical 123 
resolution about 24 × 24 km2 at nadir. 124 
In this study, we use EPIC level 1B (L1B) data distributed by Atmospheric Science Data Center 125 
of NASA Langley Research Center. The L1B digital counts multiplied by the after-launch 126 
wavelength dependent calibration coefficient yield top-of-atmosphere (TOA) reflectance 127 
(https://eosweb.larc.nasa.gov/project/dscovr/DSCOVR_EPIC_Calibration_Factors_V02.pdf). 128 
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 The calibration coefficient was estimated by comparing EPIC observations with LEO 129 
measurements for non-oxygen-absorbing bands (e.g., Aura Ozone Monitoring Instrument and 130 
Suomi NPP Ozone Mapping and Profiler Suite for UV channels and MODIS Aqua and Terra for 131 
visible and NIR channels) and using lunar observations for oxygen-absorbing bands (Marshak et 132 
al., 2018; Herman et al., 2018; Geogdzhayev and Marshak 2018). Note that reflectance is not 133 
normalized by the cosine of the solar zenith angle in this study.  134 
3. ANALYSIS METHODS 135 
We analyze EPIC-observed reflectance, and the reflectance for EPIC pixel is defined as  136 𝑅" = $%&'(,&           (1) 137 
where 𝐼" is EPIC radiance and 𝐹,," is the TOA spectral solar irradiance perpendicular to sunrays 138 
at wavelength l. In practice, one needs to multiply the EPIC L1B data given in counts per second 139 
(count s-1) by the calibration coefficient to get the reflectance 𝑅". 140 
Song et al. (2018) introduced a scattering function, 𝑃"(𝛀𝟎, 𝛀), which characterizes the angular 141 
distribution of the radiation scattered by a planet: 𝜋34𝑃"(𝛀𝟎, 𝛀) is the fraction of the total solar 142 
energy at wavelength l scattered towards the sensor. For a sphere, it depends on the directions of 143 
incidence, 𝛀𝟎  (e.g., the direction of the Sun relative to the Earth) and scattering, 𝛀 (e.g., the 144 
direction of a DSCOVR spacecraft relative to the Earth), and is given by  145 𝑃"(𝛀𝟎, 𝛀) = 4$ ∫ 𝐵𝑅𝐹"(𝐫, 𝛀𝟎, 𝛀)8$ |𝛀𝟎 ∙ 𝛀𝒏|(𝛀 ∙ 𝛀𝒏)𝜒(𝛀𝒏, 𝛀𝟎, 𝛀𝟎)𝑑𝛀𝒏    (2) 146 
where 𝛀𝒏 is the outward normal at a point r on the sphere (i.e., 𝛀𝒏 = 𝛀𝒏(𝒓)	and	𝒓 = 𝒓(𝛀𝒏)), 147 𝐵𝑅𝐹, the bidirectional reflectance function, is related to the reflectance by 𝐵𝑅𝐹"(𝐫, 𝛀𝟎, 𝛀)|𝛀𝟎 ∙148 𝛀𝒏| = 𝑅"(𝐫) , 𝜒  is an indicator function of sunlit points, which takes the value 1 if (𝛀𝟎 ∙149 𝛀𝒏)(𝛀 ∙ 𝛀𝒏) < 0 (i.e., sensor sees a sunlit sphere element) and 0 otherwise. The integration is for 150 
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the entire sphere. The scalar products |𝛀𝟎 ∙ 𝛀𝒏| and (𝛀 ∙ 𝛀𝒏) give cosines of the solar zenith angle 151 
(SZA) and satellite view zenith angle (VZA), respectively. In backscattering direction, 152 𝑃"(𝛀𝟎, −𝛀𝟎) is the geometric albedo (Lester et al., 1979), a major variable in exoplanet studies 153 
(Jiang et al., 2018). The EPIC observations, therefore, allow us to estimate geometric albedo.  154 
For EPIC images, the scattering function of the Earth can be estimated by the global average 155 
reflectance defined as  156 〈𝑅〉 = ∑ IJKJLMN           (3) 157 
where 𝑅O is the reflectance for ith pixel and N is the total number of pixels in an EPIC image. For 158 
simplicity, hereafter, the wavelength dependence is dropped off for all radiometric parameters. 159 
The Earth is covered by different types of reflectors. All those different reflectors contribute 160 
to the global average reflectance. Thus, to better understand the EPIC-observed spectral 161 
reflectance, major reflector types must be classified and any associated contribution to the global 162 
average reflectance must be computed. 163 
About 70% of the Earth surface is covered by the ocean with the rest covered by bare and 164 
vegetated land. Cloud, highly reflective and with global coverage of more than 60% for cloud 165 
optical depth > 2 (Stubenrauch et al., 2013), is another important component in Earth’s atmosphere 166 
system. To better understand underlying physical processes for EPIC observations we use 167 
SBDART radiation code (Ricchiazzi et al., 1998) to compute characteristic BRF for different 168 
reflectors assuming Lambertian surfaces as demonstrated in Fig. 2. It is well known (Fig. 2a) that 169 
ocean is dark between 400 nm and 800 nm and its reflectance decreases with wavelength (e.g., Jin 170 
et al., 2004). Bare soil (hereafter referred to as land) is brighter than the ocean; its reflectance 171 
increases with wavelength from blue to NIR. The spectral reflectance of green vegetation mirrors 172 
the absorption spectrum of chlorophyll, which strongly absorbs light in the blue and red 173 
wavelengths, less in the green, and essentially none in the NIR region, resulting in a unique spectral 174 
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reflectance feature that differs significantly from any other reflector types. The reflectance of cloud, 175 
without considering atmospheric scattering and absorption, is almost wavelength neutral.  176 
 177 
Fig. 2 (a) Spectral reflectance for ocean, land, and vegetation without atmospheric effects and cloud reflectance for 178 
optical depth of 10 without surface reflection and atmospheric scattering and gaseous absorption; (b) TOA spectral 179 
reflectance for clear ocean, deserted land, and vegetated surface; gaseous absorption is included (c) TOA reflectance 180 
for cloudy land and ocean for the blue and NIR band, respectively. Solar zenith angle of 30° is used for the 181 
computations. 182 
 183 
Atmosphere imposes a large influence on TOA reflectance (i.e., the reflectance of the reflector 184 
as viewed from space, including the effects of atmosphere) in the blue band primarily due to 185 
Rayleigh scattering and it has a negligible effect on the NIR reflectance; as a result, the difference 186 
between blue and NIR reflectance is bigger over ocean than over land (Fig. 2a and 2b). For the 187 
clear ocean, the blue band TOA reflectance is about 3.6 times as large as that for the NIR. For 188 
clear land, the NIR band reflectance is about 1.4 times as large as that for the blue band. Over 189 
green vegetation, the NIR band TOA reflectance over clear vegetation is about 3 times as large as 190 
that for the blue band. Here we define the land-ocean contrast as the ratio between land and ocean 191 
TOA reflectances; we found that the land-ocean contrast is about 5.8 for the NIR band at 780 nm 192 
compared to 1.2 for the blue band at 443 nm.  193 
Clouds increase TOA reflectance in both blue and NIR bands and reduce the blue and NIR 194 
TOA reflectance difference. While the reflectance increases with cloud optical depth in both blue 195 
and NIR bands, the reflectance difference between these two bands decreases with cloud optical 196 
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depth for both cloudy ocean and cloudy land scenarios (Fig. 2c). For a given cloud optical depth, 197 
the reflectance for cloudy land is larger than for cloudy ocean in both bands because of a larger 198 
surface albedo for bare land compared to the ocean. This cloudy land and ocean reflectance 199 
difference is more pronounced in the NIR band because of a much larger land-ocean surface 200 
contrast compared to the blue band (Fig. 2a).  201 
We use the Earth Reflector Type Index (ERTI) developed by Song et al. (2018) for classifying 202 
EPIC pixels into different reflector types, which include clear (cloud-free) ocean, clear (cloud-free) 203 
land, clear (cloud-free) green vegetation, and cloud. All cloud-free scenes include contributions 204 
from the scattering atmosphere, with a maximum effect in the blue spectral band (Fig. 2b). 205 
Note that the ERTI is sensitive to the presence of green leaves in a pixel and attributes the pixel 206 
to vegetation if the leaf area index (LAI) is larger than about 0.5 (Song et al., 2018). The area of 207 
green leaves can exhibit strong seasonal variation from its maximum to a very low value (Samanta 208 
et al., 2012). One should therefore distinguish between vegetated land according to land cover 209 
classification map and actual presence of green leaves in the scene. For example, the ERTI 210 
classifies savannas in southern part of Africa as vegetated land during wet season (mean LAI~2.4 211 
in March), while it can attribute this land cover type to bare land during dry season when LAI can 212 
drop to about 0.4 (e.g., in August). Furthermore, the ERTI algorithm does not distinguish what 213 
type of surface under a cloud (i.e., whether it is over ocean or land nor it is over green vegetation 214 
or dry vegetation) because cloud diminishes the spectral signature of surface spectral reflectance. 215 
We will use the International Geosphere-Biosphere Programme (IGBP) map to distinguish the 216 
cloud over land from the cloud over the ocean. We emphasize that the clear vegetation refers to 217 
cloud-free green vegetation; clear land includes dry vegetation and bare soil, and cloudy land does 218 
not provide surface type information (vegetation or land) in this analysis. Thus, there are five 219 
reflector types: clear ocean, clear land, clear green vegetation, cloudy ocean, and cloudy land. 220 
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The global average reflectance can be expressed as a weighted sum of reflectance from each 221 
reflector component. Assume that there are N pixels in an EPIC image and N1, N2, N3, … pixels 222 
for type 1, 2, 3, … reflector component (𝑁 = ∑ 𝑁OO ), then the global average reflectance can be 223 
expressed as 224 
〈𝑅〉 = 4N Q𝑁4 ∑ IJKMJLMNM + 𝑁S ∑ IJKTJLMNT + 𝑁U ∑ IJKVJLMNV + ⋯ X = 𝑓4𝑅Z4 + 𝑓S𝑅ZS + 𝑓U𝑅ZU + ⋯ (4a) 225 
where 𝑓O	 and 𝑅ZO	 are the fractional coverage and mean reflectance of 𝑖\] reflector component in an 226 
EPIC image. Eq. (4a) may be written as 227 〈𝑅〉 = ∑𝐿O          (4b) 228 
where 𝐿O = 𝑓O𝑅ZO  is the contribution from 𝑖\]  reflector to the global average reflectance. For 229 
simplicity, we also call 𝐿O the reflectance (or reflectance component) from 𝑖\] reflector hereafter. 230 
Note that 〈𝑅〉, 𝑅ZO, fi, and 𝐿O are determined from each EPIC image and are functions of time. In 231 
this analysis, pixels with a SZA that exceed 76◦ are excluded to avoid ambiguities resulting from 232 
the oblique illumination and large footprint at the ground.  233 
4. RESULTS  234 
First, we examine the global averaged spectral reflectance relationship and analyze the 235 
contribution from the different types of reflectors to understand the cause of such relationship, and 236 
next we analyze the role of cloud on global average reflectance. 237 
4.1. BLUE AND NIR REFLECTANCE RELATIONS 238 
We use EPIC images acquired on 23 August 2016 in our analysis. Figure 3 shows the blue vs. 239 
NIR relationship, where each point represents the global average reflectance at the blue and NIR 240 
wavelengths observed at a specific UTC time indicated on the plot. 241 
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 242 
Figure 3. The relationship between blue (443 nm) and NIR (780 nm) global average reflectance with observation time 243 
(UTC) indicated. There are 21 EPIC observations. 244 
 245 
The blue band reflectance has a unique closed-loop relationship with that of NIR. This is a 246 
typical shape for EPIC observations. The blue and NIR reflectances are approximately piecewise 247 
linearly related in five-UTC-time-interval (i.e., DT1 = [0, 4] from the Pacific Ocean to Asia; DT2 = 248 
[4, 10] from Asia to Africa; DT3 = [10, 13] Africa to the Atlantic; DT4 = [13, 18] from the Atlantic 249 
to Americas, DT5 = [18, 24] from Americas to the Pacific). The diurnal variation of the NIR 250 
reflectance is about twice as large as that for the blue band. The EPIC observed increases and 251 
decreases of the blue and NIR reflectance can be explained by the contributions from clear and 252 
cloudy areas; a more detailed analysis is in the next section.  253 
To understand the blue and NIR reflectance relationship, we decompose the global average 254 
reflectance into contributions from (i) clear land and clear ocean, (ii) cloudy land and cloudy ocean, 255 
and (iii) clear green vegetation as defined in Eq. 4b. Figure 4 shows diurnal courses of global 256 
average reflectance and contributions from the three components at blue and NIR spectral bands. 257 
At 443 nm, the temporal variation of reflectance from clouds resembles that for the total 258 
reflectance. This is because clouds are much brighter than clear scene and reflectance component 259 
from the cloud is more variable compared to reflectance component from clear pixels. The 260 
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temporal variation of reflectance from clear pixels plays a role in modifying the global average 261 
reflectance to some extent. Green vegetation is very dark at 443 nm and the fractional coverage of 262 
clear green vegetation is small compared to other types of reflectors (Fig. 5). This makes its 263 
contribution to the blue band reflectance negligible. 264 
 265 
Figure 4. Diurnal variation of global average reflectance (legend “All”) and associated contribution from clear land 266 
and ocean (legend “clear”), cloudy land and ocean (legend “cloudy”), and clear green vegetation (legend “vege”) for 267 
the blue (443 nm, left panel) and NIR (780 nm, right panel) spectral bands. 268 
 269 
At 780 nm, the variation of reflectance from clouds is similar to that for 443 nm since the cloud 270 
reflectances are well correlated at the two bands, while the magnitude of reflectance at the NIR 271 
band is smaller than that for the blue band mainly because the ocean reflectance at NIR is 272 
significantly smaller than that for the blue band (see Fig. 2c). However, the temporal variation of 273 
the reflectance component from clear pixels in NIR is much larger than that in blue because of a 274 
large land-ocean contrast at the NIR. In fact, in NIR, the temporal variation of reflectance 275 
component from clear pixels is even larger than that from a cloudy one. Green vegetation is bright 276 
in NIR and the reflectance from vegetation can contribute significantly to the global average 277 
reflectance in the time period between 13 to 18 UTC when North America and South America 278 
continents are in the EPIC’s FOV.  279 
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The increase and decrease of the blue and NIR reflectances in Fig. 3 can be explained by the 280 
change of reflectance contributions from clear and cloudy components in Fig. 4. For example, in 281 
DT1, the increase of the blue band reflectance is mainly due to the increase of reflectance from the 282 
cloud while a much larger increase of the NIR band reflectance is the result of the increase in 283 
contribution from both cloudy and clear pixels. In fact, the contribution from both cloudy and clear 284 
pixels leads to a much larger diurnal reflectance variation for the NIR band compared to the blue 285 
band (Fig. 3).  286 
The variation of the cloud-free fraction alone does not explain the variation of the reflectance 287 
component from the cloud-free pixels (see Fig. 5a and Fig. 4) because the clear ocean and clear 288 
land have a dramatically different reflectance at the two bands. Similarly, cloudy atmosphere 289 
fraction alone is not able to interpret the variation of reflectance from cloudy pixels. In the 290 
following section, we will discuss some details about the cause of changes in reflectance 291 
component from cloudy and clear atmospheric conditions. 292 
4.2. THE RELATION BETWEEN AVERAGE REFLECTANCE AND ASSOCIATED FRACTIONAL 293 
COVER FOR DIFFERENT REFLECTOR TYPES 294 
Here we analyze the reflectance contributions from five different reflector types: (1) clear 295 
ocean, (2) cloudy ocean, (3) clear land, (4) cloudy land, and (5) clear scene of green vegetation. 296 
The temporal variations of fractional coverage for each reflector are presented in Fig. 5. The global 297 
average reflectance and associated contribution from each reflector are presented in Fig. 6 in the 298 
blue and NIR bands, respectively. The relative variations of global average reflectance are similar 299 
to those in Jiang et al. (2018) for 8 August 2016 (see Fig. 4 in Jiang et al. 2018). Note that they 300 
presented the absolute value of the global average EPIC radiant energy that is proportional to the 301 
global average reflectance in this analysis. 302 
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It is clear that the reflectance from each one of the five reflector types (Fig. 6) follows closely 303 
the variation of the associated fractional coverage (Fig. 5). In fact, the reflectance from each 304 
reflector (𝐿O) is highly linearly correlated with the associated fractional coverage (𝑓O) (Fig. 7) as 305 𝐿O = 𝑟O𝑓O          (5a)  306 
where the slope (𝑟O) is determined using the method of least squares with intercept set to zero as  307 𝑟O = ∑ `J(\a)bJ(\a)a∑ bJ(\a)Ta          (5b) 308 
where the summation is over time (tj) when the image is acquired.  309 
Using 𝐿O(𝑡d) = 𝑓O(𝑡d)𝑅ZO(𝑡d) (Eq. 4), Eq. (5b) becomes 310 𝑟O = ∑ IZJ(\a)bJ(\a)Ta ∑ bJ(\a)Ta          (5c) 311 
where 𝑅ZO(𝑡d) and 𝑓O(𝑡d) are the mean reflectance and fractional coverage of ith reflector for each 312 
individual EPIC image observed at time tj as shown in Figs. 5. The slope (𝑟O) will equal to the 313 
mean reflectance (𝑅ZO) if it does not vary with time. In reality, the mean reflectance 𝑅ZO for each 314 
reflector can vary from one image to another. For example, an increase in average cloud optical 315 
depth will lead to an increase in mean cloud reflectance. For the same reflector, the change of its 316 
position in the image can lead to a change to the mean reflectance due to the changes in SZA and 317 
viewing geometry. The slope (𝑟O) is the average of the mean reflectance weighted by the square of 318 
fractional coverage from each individual EPIC image. We found that the slopes are very close to 319 
the average of the mean reflectance for the 21 EPIC images (Fig. 2), with a difference less than 320 
about 5%, for each of the five reflectors. The difference between the temporally averaged global 321 
reflectance of the 21 EPIC images and that based on Eq. 5a is about 2%.  In the following, we use 322 
the slope to quantify the brightness or mean reflectance of each individual reflector. 323 
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 324 
Fig. 5. (a) The variation of fractions of clear, cloudy, and clear green vegetation; (b) similar to (a) but for five reflectors 325 
of the Earth. The sum of the fractional coverage from all reflectors is one. 326 
 327 
Figure 6. Diurnal course of global average reflectance (legend “All”) and associated reflectance contributions from 328 
different reflectors for 443 nm (left panel) and 780 nm (right panel). 329 
 330 
From the slopes in Fig. 7 we find that for 443 nm, the green vegetation surface is the darkest 331 
(mean reflectance 𝑟 = 0.145), followed by the clear ocean; clear land is slightly brighter than the 332 
clear ocean, thus there is a small land-ocean contrast; cloudy land is the brightest among the five 333 
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types of reflectors. The land-ocean contrast measured by the ratio of land and ocean reflectance is 334 
about 1.2, similar to that computed from the radiative transfer model in section 3. 335 
 336 
Figure 7. The relationship between the contribution to the global average reflectance for five different reflectors for 337 
443 nm (left) and 780 nm (right). The linear functions of best fit and the square of correlation coefficients are indicated. 338 
 339 
For 780 nm, the clear ocean is the darkest (mean reflectance 𝑟 = 0.059) and cloudy land is the 340 
brightest. Clear land is much brighter than the clear ocean compared to the blue band. The clear 341 
land-ocean contrast at 780 nm is about 5.5, about 5 times as large as that at the blue band, similar 342 
to that from the radiative transfer computations. Though the fractional coverage of clear sky green 343 
vegetated is less than about 5%, it is the second brightest reflector after cloudy land and similar to 344 
clear land in brightness.  345 
The cloudy land is more reflective than cloudy ocean in both bands. More importantly, cloudy 346 
land-ocean contrast, the ratio of cloudy land reflectance to cloudy ocean reflectance, is about 1.5 347 
for the NIR band, significantly larger than the contrast of 1.1 for the blue band. 348 
The linear relations between reflectance contribution and the fractional coverage for each 349 
reflector, the large difference in clear land-ocean reflectance contrast between the two bands, 350 
significant difference in cloudy land-ocean reflectance contrast between the two bands, spectral 351 
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signature of green vegetation, and variation of fractional coverage of each reflector as Earth rotates 352 
are the key factors for determining the reflectance variations in Fig. 4 and non-linear reflectance 353 
relations in Fig. 3. 354 
4.3. VARIATION OF GLOBAL AVERAGE REFLECTANCE DUE TO THE CHANGE OF CONTRIBUTION 355 
FROM DIFFERENT REFLECTOR TYPES 356 
The clear land and clear ocean coverages are highly anti-correlated as land mass and oceans 357 
appear alternately in the EPIC’s FOV as the Earth rotates (Fig. 5b). The clear land and clear ocean 358 
reflectance components are also highly anti-correlated for both bands with a correlation coefficient 359 
of -0.94 and -0.92 for 443 nm and 780 nm, respectively. For 443 nm, the amplitude of the diurnal 360 
variation in the clear land reflectance component is about 0.04, while the variability of the clear 361 
ocean reflectance component is about 0.03 for (Fig. 6a). For 780 nm, the magnitude of variation 362 
of the clear land component is about 0.08, about 8 times as large as that for the clear ocean 363 
component of about 0.01 because of the large land-ocean contrast for the NIR band (Fig. 6b). Thus, 364 
the total reflectance from cloudless reflectors in both bands varies in phase with the clear land 365 
component.  366 
The variation of reflectance from the cloudy pixels is more complicated than under clear 367 
atmospheric conditions. This is because weakly anti-correlated cloudy land and cloudy ocean 368 
components make comparable contributions to the total cloudy atmosphere reflectance for both 369 
bands. The fractional coverages of the cloudy ocean and cloudy land vary with time in different 370 
ways as Earth rotates (Fig. 5b). Thus, one needs to examine the changes in fractional coverages of 371 
the cloudy ocean and cloudy land in different time period for understanding the reflectance 372 
variation in Fig. 4. 373 
From 0 to 6 UTC, as EPIC views an increasingly large portion of Asia, there is an increase of 374 
cloudy land coverage, likely caused by the South Asian monsoon suggested by Jiang et al. (2018). 375 
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In the same time period, there is a similar decrease in the rate of change in cloudy ocean coverage 376 
as part of the Pacific Ocean leaves the EPIC’s FOV. Since cloudy land is more reflective compared 377 
to the cloudy ocean in blue and NIR bands, there is a net increase in the reflectance from the cloudy 378 
atmosphere in both wavelengths (Fig. 4) though there is little change in total cloud coverage (Fig. 379 
5a). The increase of NIR reflectance is larger compared to blue reflectance because of larger cloudy 380 
land-ocean contrast for the NIR band. 381 
From 6 to 12 UTC, there is a decrease in cloudy land coverage, primarily due to the increased 382 
coverage of the less cloudy African continent, and a small change in cloudy ocean coverage (Fig. 383 
5b). This leads directly to a decrease of reflectance from the cloudy atmosphere at both blue and 384 
NIR bands (Fig. 4). 385 
From 12 to 24 UTC, there is a continued decrease in the coverage of cloudy land due to an 386 
overall decrease of land cover as the Atlantic Ocean (13 - 17 UTC) and the Pacific Ocean (15 - 24 387 
UTC) come to the EPIC’s FOV and the less cloudy Americas (14 - 19 UTC) emerge into the sunlit 388 
face of the Earth (Fig. 5b). This results in a continuous decrease in the reflectance component from 389 
cloudy land in both blue and NIR bands (Fig. 6). In this same time period, there is an increase in 390 
cloudy ocean coverage, resulting in an increase of reflectance component from cloudy ocean to 391 
modify the reflectance contribution from cloudy land. Since the cloudy ocean reflectance 392 
component in the blue band is larger than that in the NIR band, there is a larger modification to 393 
the blue band reflectance from cloudy land compared to NIR. This leads to a slightly larger 394 
increase in the total cloudy reflectance for the blue band (Fig. 4a) compared to NIR (Fig. 4b). 395 
Clear sky green vegetation covers a small fraction of the EPIC image. It contributes little to 396 
the global average reflectance in the blue band. However, the vegetation is bright in the NIR band 397 
and contributes significantly to the global average reflectance, particularly in the time period 398 
between 13 and 20 UTC when the Americas appear in the EPIC images (Figs. 5, 6b). 399 
 21 
Here we have explained the variation of reflectance from a clear and cloudy atmosphere in Fig. 400 
4, which in turn gives a complete interpretation of the closed-loop relation between the blue and 401 
NIR reflectances. In general, our results are consistent with the suggestions of earlier studies (e.g., 402 
Yang et al., 2018; Song et a., 2018; Jiang et al., 2018) that diurnal variations of the Earth’s 403 
reflectance are determined mostly by periodic changes in the ratio of land-ocean fractional 404 
coverage and clouds play an important part contributing to the variance. In addition, we found that 405 
the change of fractional coverages of cloudy land and cloudy ocean is another important factor in 406 
determining the global blue and NIR relationships. 407 
Jiang et al. (2018) showed that the Earth’s rotation introduces a major 24-hour component in 408 
spectrum space for reflected solar radiation in all 10 EPIC wavelength channels. They also 409 
identified smaller amplitude components at 12-, 8-, and 6-hr marks. From Fig. 4, we can see that 410 
the shape of reflectance variations from clear atmosphere is similar to a sinusoidal variation with 411 
a period of 24 hours for both bands and the amplitude of reflectance variation in the NIR band is 412 
much larger than at the blue band, which is consistent with much larger power spectrum at 780 nm 413 
compared to 443 nm in their study (Fig. 8 in Jiang et al., 2018). Fig. 4 also shows that there is a 414 
sinusoidal-like component in the reflectance from the cloud with about 6 hours between the peak 415 
and valley or 12-hour period for both blue and NIR channels. Jiang et al. (2018) suggested that the 416 
strong power spectrum at a period of 12-hour could be a combined signature from clouds, oceans, 417 
and landmass patterns, which is consistent with our analysis.  418 
4.4. THE RESPONSE OF GLOBAL AVERAGE REFLECTANCE TO A CHANGE IN CLOUD COVERAGE 419 
Since global average reflectance is linearly related to cloud cover (Eq. 5b), the response of 420 
global average reflectance to a change of cloud fraction can be estimated using the linear relations. 421 
From Eq. (5b), we can show that the change in global average (〈∆𝑅〉) due to the change in fractional 422 
coverage of ith reflector (Δ𝑓O) may be expressed as 423 
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〈∆𝑅〉 = ∑ 𝑟OO Δ𝑓O          (6a) 424 
where the coefficient 𝑟O	is from the slope of linear fit in Fig. 7 and it is an estimate of mean 425 
reflectance of the ith reflector. For a change of the fractional coverage of cloud over land 426 
(∆𝑓ghijk,hlmk) and associated change of the fractional coverage of clear land (∆𝑓ghnlo,hlmk), the 427 
change of global average reflectance is 428 〈∆𝑅〉 = 𝑟ghijk,hlmk∆𝑓ghijk,hlmk + 𝑟ghnlo,hlmk∆𝑓ghnlo,hlmk     (6b) 429 
or 430 〈∆𝑅〉 = p𝑟ghijk,hlmk − 𝑟ghnlo,hlmkq∆𝑓ghijk,hlmk      (6c) 431 
since ∆𝑓ghnlo,hlmk = −∆𝑓ghijk,hlmk. 432 
Similarly, for a change of cloud fraction over the ocean, the change of global average 433 
reflectance is  434 〈∆𝑅〉 = p𝑟ghijk,ignlm − 𝑟ghnlo,ignlmq∆𝑓ghijk,ignlm.      (7) 435 
A change of global cloud coverage of ∆𝑓 may be partitioned to the change in cloud cover over 436 
land and ocean proportionally to the average cloud coverages 437 ∆𝑓ghijk,ignlm = bstuvw,usxyzbstuvw,usxyz{bstuvw,tyzw ∆𝑓       (8a) 438 
and  439 ∆𝑓ghijk,hlmk = bstuvw,tyzwbstuvw,usxyz{bstuvw,tyzw ∆𝑓.       (8b) 440 
The response of global average reflectance to a change ∆𝑓  in global cloud coverage may be 441 
expressed as 442 〈∆𝑅〉 = p𝑟ghijk,hlmk − 𝑟ghnlo,hlmkq∆𝑓ghijk,hlmk +        443 																						p𝑟ghijk,ignlm − 𝑟ghnlo,ignlmq∆𝑓ghijk,ignlm.    (8c) 444 
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The percent change in global reflectance for each wavelength band is defined as a relative 445 
change to the daily mean of global average reflectance (〈𝑅〉ZZZZ) as 446 𝑅|(𝜆) = 〈∆I(")〉〈I(")〉ZZZZZZZZZ 100.          (9) 447 
We compute the response of global average reflectance to a change of 0.1 of cloud fraction for 448 
cloud over land, cloud over the ocean, and global average cloud fraction for wavelengths 388, 443, 449 
551, 680, and 780 nm. The results are presented in Fig. 8 together with solar irradiance reference 450 
spectra (Woods et al., 2009). Polynomial interpolation is applied for estimating the percentage 451 
response of spectral reflectance from 388 nm to 780 nm.  452 
It is interesting to note that the percent response of global average spectral reflectance differs 453 
dramatically depending on whether the change is over land or over the ocean. For near-UV at 388 454 
nm and blue at 443 nm, the response is stronger for the change of cloud fraction over land 455 
compared to the same change of cloud fraction over the ocean. For green (551 nm), red (680 nm), 456 
and NIR (780 nm), the response is stronger for the change of cloud fraction over ocean compared 457 
to the same change over land.  458 
For global average conditions, the response falls between the curves for land and ocean and it 459 
is the result of cloud fraction weighted sum of response for land and ocean scenarios. Since cloud 460 
coverage over the ocean is much larger than that over land, the ocean has a larger weight in 461 
estimating the overall reflectance response. The response for the overall situation is closer to that 462 
for the ocean.  463 
The wavelength dependence of percent response of reflectance is the result of the wavelength 464 
dependence of the change in reflectance (the numerator in Eq. 8) and the daily mean of global 465 
average reflectance (the denominator in Eq. 8). To understand the spectral dependence of the 466 
response we present the mean spectral reflectance in Fig. 9a and cloudy and clear reflectance 467 
difference in Fig.9b. The daily mean of global average spectral reflectance in Fig. 10.  468 
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 469 
Fig. 8. Left axis: the response of global average reflectance to a change of 0.1 of fractional coverage of cloud over 470 
land (green), ocean (blue), and global average (red). Right axis: solar irradiance reference spectra (black). The spectral 471 
integrated response is 6%, 7.6%, and 7% for land only, ocean only, and overall situation, respectively. 472 
 473 
 474 
Fig. 9. (a) Spectral reflectance for cloudy and cloudless (clear) reflectors; (b) reflectance difference between cloudy 475 
and clear land and ocean. 476 
 477 
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 478 
Fig. 10. The daily mean of global average reflectance. 479 
 480 
Over land, an increase of the percent response from 388 nm to 443 nm (Fig. 8) may be 481 
explained as the result of a small increase in the reflectance difference (Fig. 9b) in the numerator 482 
and a decrease in daily and global average reflectance (Fig. 10) in the denominator in Eq. 8. From 483 
443 nm to 680 nm, there is a steady decrease in the reflectance difference and continuous decrease 484 
in the global average reflectance, resulting in a small change in percent response. From 680 nm to 485 
780 nm, there is a large decrease in the reflectance difference associated with an increase in the 486 
global reflectance, leading to a large decrease in percent response. 487 
Over the ocean, the reflectance difference increases with wavelength (Fig. 9b). This leads to a 488 
continuous increase in the percent response in the wavelength region from 388 nm to 680 nm 489 
where the daily mean global average reflectance decreases with wavelength. From 680 nm to 780 490 
nm, there is a slight increase in reflectance difference associated with a relatively large increase in 491 
the daily mean global average reflectance, resulting in a decrease in percent response.   492 
 
380 440 500 560 620 680 740 800
Wavelength [nm]
0.15
0.20
0.25
0.30
0.35
Da
ily
 a
nd
 G
lob
al 
Av
er
ag
e 
Re
fle
cta
nc
e
 26 
The wavelength region from near UV at 388 nm to NIR at 780 nm bears about half of the total 493 
solar irradiance of 1361 W m-2 (Kopp and Lean, 2011). The polynomial interpolation of the 494 
response of reflectance at five wavelengths is used to estimate the response of spectral reflectance 495 
for computing spectral integrated irradiance response, similar to the method by Herman et al. 496 
(2018b) for estimating the impact of the solar eclipse on reflected solar irradiance. The percent 497 
response of the reflected solar radiance between 388 nm and 780 nm can be obtained as spectral 498 
solar irradiance weighted response as 499 
𝑅𝑆𝑃 = ∫ I(")'((")k"(V∫ '((")k"(V × 100        (10) 500 
where 𝑅|(𝜆) is the percent response for wavelength l estimated from polynomial interpolation 501 
from the response at five EPIC wavelengths and 𝐹,(𝜆) is the TOA spectral solar irradiance. We 502 
found that an increase of cloud coverage of 0.1 over land will lead to 6% increase in global average 503 
reflectance; the same increase of cloud coverage over the ocean will lead to 7.6% increase in global 504 
average reflectance; on average it will lead to 7% increase in global average reflectance. The 505 
magnitude of the percent response of integrated reflectance is similar to the broadband shortwave 506 
response as reported by Loeb et al. (2007). 507 
5. SUMMARY  508 
We found that the EPIC blue and NIR global average reflectances are non-linearly related. The 509 
vector composed of blue and NIR global average reflectance from EPIC observations follows a 510 
counterclockwise closed-loop trajectory as the Earth rotates from 0 to 24 UTC. We performed a 511 
detailed analysis of EPIC observations to investigate this unique non-linear reflectance cycle.  512 
We found that, at 443 nm, the temporal variation of global average reflectance is mainly due 513 
to the variation of reflectance component from clouds; at 780 nm, both reflectance components 514 
from clear and cloudy atmosphere contribute to the variation in global average reflectance. The 515 
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variations of cloudy reflectance component are similar in both bands. However, the temporal 516 
variation of reflectance component from a clear atmosphere at 780 nm is much larger than that in 517 
the blue band because of a large land-ocean contrast in NIR.  518 
We further decomposed the global average reflectance into associated contributions from 5 519 
different reflectors, including clear land, clear ocean, cloudy land, cloudy ocean, and clear green 520 
vegetation. We found that the clear-land and clear-ocean reflectance components are anti-521 
correlated. The clear land-ocean contrast determines the variation of clear atmosphere reflectance 522 
component. For the cloudy atmosphere, we found that (1) cloudy land is more reflective than 523 
cloudy ocean in both bands; (2) the reflectance difference between cloudy land and cloudy ocean 524 
is even larger in the NIR band compared to the blue band; (3) there is a unique cloud distribution 525 
over ocean and different continents (e.g., more cloud in Asia and less cloud Africa with large desert 526 
area). Thus, the change of cloudy atmosphere contribution to the global average reflectance is the 527 
result of the change of fractional coverage of cloudy ocean vs cloudy land due to the rotation of 528 
the Earth. Thus, the closed-loop relationship between the blue and NIR reflectance is the result of 529 
the periodic changes of land-ocean mass and the cloudy land and ocean fractions as Earth rotates.  530 
We also examined the response of global average spectral reflectance and spectrally integrated 531 
reflectance to a change in cloud coverage. We found that the global average spectral reflectance 532 
has a different response depending on whether the change is over land or over the ocean. A change 533 
in cloud fraction over land will lead to a larger response in near-UV and blue band global average 534 
reflectance and smaller response in the longer wavelengths compared to the same change of cloud 535 
fraction over the ocean. A change of 0.1 in cloud cover over land will lead to a response of 6% of 536 
global spectrally integrated reflectance compared to 7.6% for the same change of cloud fraction 537 
over the ocean. On average, a change of 0.1 in cloud fractional coverage will lead to an 538 
approximate 7% increase in the spectrally integrated global average reflectance.  539 
 28 
In this paper, we have examined the global average blue and NIR reflectance relations. Thus, 540 
the analysis method can be easily applied to the single-point measurements for exoplanet research. 541 
Together with Fourier time series analysis as demonstrated by Jiang et al. (2018), the blue and NIR 542 
relationship can be useful for studying hydrological cycle from signature of clouds and green 543 
vegetated surface for searching life-form in exoplanet exploration. It is well known that reflectance 544 
of vegetation exhibits a sharp jump from red (680 nm) to NIR (780 nm) and this sharp jump (up 545 
to 1 order in magnitude) (see Fig. 2a,b and accompanying text) is present at any sun-sensor 546 
geometry. This is due to the spectral signature of chlorophyll absorption spectrum at these 547 
wavelengths, which is unique to green leaves. Consequently, reflectance of vegetated surface 548 
differs significantly from any one of other types of reflecting media. This feature is widely used to 549 
monitor vegetation using the normalized difference vegetation index (NDVI): its value between 0 550 
(no green vegetation, or cloud contaminated pixel) and 1 (a lot of vegetation, clear sky image) 551 
indicates the presence of green leaves in the scene and its amount. It should be emphasized that 552 
the role of vegetation in the observed phenomenon is not linked to the hot spot effect since signals 553 
from vegetated surface are well separated from other reflector types in spectral spaces for a wide 554 
range of sun-sensor geometries as it was demonstrated by Song et al (2018) (see Fig. 5 in their 555 
paper) and supported by analyses of vegetation angular signatures in spectral spaces (Hu et al., 556 
2007; Zhang et al., 2002). 557 
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